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Presently conceived automated metals processing systems have 
reached a high degree of complexity and incorporate not only control 
hardware but algorithms based on computer simulations and models of 
processes and a multiplicity of sensors for monitoring process and 
geometrical parameters, as well as material properties during the 
various stages of processing 1-4. In such systems, sensors which can 
nondestructively measure material properties during processing provide 
information which can be used to verify, simplify and eventually improve 
the control algorithms. Also by directly providing the quantities of 
interest, such sensors relax the requirements on other measurements 
(such as temperature) from which material properties are traditionally 
inferred. In addition, material property sensors used near the end of 
the process insure that specifications are being met, regardless of the 
performance of automated systems upstream. In some cases the avail-
ability of new techniques capable of monitoring the evolution of micro-
structure during initial phases of processing may also help develop new 
and simpler. metallurgical processes resulting in simultaneous improve-
ments of quality and productivity. 
The final properties obtained from a steel, aluminum or copper mill 
depend on the control of numerous microstructural parameters such as 
chemical composition, the morphology and concentration of precipitates 
and second phases, grain boundaries, dislocations and point defects. 
The accurate and reliable nondestructive determination of these 
properties therefore requires the use of sensors selectively sensitive 
to such microstructural variations in a predictable manner. In this 
paper we consider applications of such sensors at various stages of 
processing from molten metal to the final product, with emphasis on flat 
steel products. 
Table I summarizes on the left the various processing steps between 
molten metal and the final product with, in each case, a list of some of 
the properties which one would like to measure in order to either better 
control the process (in the case of early stages) or to assess product 
quality on-line and minimize rejects (in the case of measurements closer 
to the end of the line). 
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TABLE I 
Processing steps with corresponding material property 
sensor requirements for the processing of metals. 
Processing Steps Material Property 
Molten metal chemical composition, 
1 inclusion content 
Casting segregation, 
l solid/liquid interface 
Hot deformation initial microstructure, 
1 
precipitation kinetics 
phase transformation kinetics 
Cold deformation, heat grain size and growth, 
treating, annealing recrystallization, 
second phase and 
precipitate morphology, 
mechanical properties 
(hardness, tensile & yield 
strength, formability). 
In what follows each of these processing steps is considered in 
more detail and the potential and available techniques for charac-
terizing the material described. It will be noticed that the number of 
available techniques increases rapidly as one move downstream of the 
process. 
MOLTEN METAL 
Chemical composition is certainly one of the most determining 
parameters and is usually measured in the ladle prior to casting. A 
small sample is usually taken and analysed using classical chemical 
analysis techniques. More recently laser-induced breakdown spectroscopy 
has been explored for more rapid and continuous chemical analysis 5• 
Another important parameter which has a strong effect on the final 
mechanical properties is the presence of inclusions generally consisting 
of oxides, unmelted refractory metals or ceramic contaminants. An 
ultrasonic pulse-echo system which permits continuous monitoring of the 
quality of molten aluminum during casting and the evaluation of molten 
metal processing and/or cleaning operations such as fluxing practices 
and filtering has been developed by the Reynolds Metals Company 6• A 
standard piezoelectric transducer is mounted on a titanium probe which 
is immersed in the liquid metal. The probe allows measurements of 
ultrasonic attenuation in a fixed length of liquid, from which inclusion 
content is deduced. Similar techniques, but using two buffer rods 
immersed in liquid steel, have also been recently reforted for assess-
ment of the cleanliness of steel in casting tundishes • 
1378 
CASTING 
Once the quality of the molten metal is assured, it is important to 
control the casting process. During continuous casting, an important 
parameter is the three-dimensional distribution of the solid/liquid 
interface. This may be particularly important in combination with elec-
tromagnetic stirring since measuring interface morphology allows the 
possibility to evaluate effects of induced fluid motion on the internal 
contour of the solid shell of the strand. Proper fluid motion is impor-
tant in order not to create excessive turbulence which may lead to slag 
being included in the melt, but sufficiently strong to break up the 
dendritic structure. Nonuniform growth of the solid around the circum-
ference of a continuously cast strand can also result in internal 
cracks, which even through subsequently refilled with liquid, can lead 
to weak spots in the final product 8• In addition, knowledge of the 
solidified shell thickness may be important to insure against breakouts. 
Although eddy currents have been used to monitor solidification 9, 
the most promising techniques are probably those based on ultrasonics. 
Dealing with the harsh environment requires the use of noncontact tech-
niques based on lasers for generation and interferometers for detection 
or the use of electromagnetic acoustic transducers (EMATS). A first 
step toward a more complete solution of this problem was obtained at 
Nippon Steel using specially developed EMATS to measure the ultrasonic 
transit time across a continuously cast steel slab. To deduce shell 
thickness, the total outer thickness was measured mechanically and 
ultrasonic velocity was assumed. constant in the liquid phase and 
linearly dependent on surface temperature in the solid phase 10• Figure 
1 shows variations of shell thickness (d) resulting from changes in 
casting speed v. For constant speeds of 0.9 m/min the shell thickness d 
is constant at ~ 50 mm and increases rapidly when the speed is 
decreased. The results were confirmed by driving rivets into the side 
of the slab and examining micrographs after solidification. Ultrasonic 
measurements were found to correspond to the central position of the 
mushy zone. More recently, detailed laboratory studies of solid/liquid 
interfaces in steel and other metals have been carried out using 
ultrasonic pulse-echo techniques showing the possibility of observing 
echoes from the interface with signal processing to enhance the signal 
to noise ratio 11• 
Illuminating laser 
Steel plate Scope 
BEtJ 
Figure 1. Ultrasonic measurement of the variation of the solidified 
shell thickness (upper) associated with variations in casting 
speed (lower) during continuous casting of steel (ref. 10). 
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The development of better ultrasonic sensors, perhaps based on 
laser generation and interferometric detection, may improve the applica-
bility of the technique in industry. A laser based system which offers 
promise in this area has recently been developed in our laboratory. The 
system allows detection of ultrasound with good sensitivity at distances 
of 1 m and greater and is based on a Fabry-Perot interferometer insensi-
tive to the vibrations and air turbulence often encountered in harsh 
environments 12• "Figure 2 shows a schematic of the system including a 
Nd:YAG laser for generation and the Fabry-Perot interferometer for 
detection. Also shown are ultrasonic signals observed for a 6 mm thick 
steel plate placed in air at 800°C at 1.5 m from both generating and 
detecting systems. Because of the ease of optical steering and the 
remote detection, such a system offers interesting possibilities of the 
3-dimensional scanning of blooms and billets. 
HOT DEFORMATION 
Except for the special case where the final product is a casting, 
metal processing usually involves a hot deformation stage to shape the 
material in the form of a sheet, rod, tube, etc. In addition to form-
ing, this operation also serves to break up the coarse grained structure 
initially present in the bloom or billet and to weld internal defects 
such as closed porosity, The improved mechanical properties which 
result are a complex interplay which involves chemical composition, 
microstructure of the steel bloom or billet after reheating, microstruc-
ture after hot rolling, precipitation, and the progress of the transfor-
mation from the y to a n phase as the material cools down (see fig. 3), 
By suitable control of these phenomena, for instance in the 
controlled rolling of steel, it is possible to achieve better mechanical 
properties in hot rol l ed steel than using the traditional approach which 
requires subsequent heat treatment oper ations. The advantage is not 
only the improved quality but the added productivity resulting from the 
elimination of processing steps. 
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Figure 2. Schematic of a l aser ultrasonic system allowing remote 
ultrasonic measurements at distances of ,. 1.5 m. Echos are 
for a 6 mm thick steel pla te at 800°C in air. 
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Figure 3. Metallurgical factors affecting the mechanical properties of 
steel (ref. 1) • 
At present no techniques appear to be available for determining 
microstructure in the initial hot metal. The precipitation behavior, 
which is vital to alloyed steels, also appears especially difficult to 
measure, since the quantity of precipitates is usually small. Fortu-
nately, however, the transformation behavior during cooling, which is 
the dominant factor for feedback control is accompanied by large changes 
in magnetic properties and can be monitored by magnetic sensors. 
Magnetic sensors were initially developed to detect only the onset 
of transformation 13 However more recently workers at Kawasaki Stee1 14 
have developed magnetic sensors which are used to determine the fraction 
of transformed material as a function of time. The technique is based 
on a set of three eddy current coils, one exciter and two receivers 
which are used to simultaneously determine the permeability of a sheet 
of steel and lift-off (fig. 4). The permeability is then related ·to the 
percentage of transf ormed material. Lift-off can vary between 20 and 
120 mm. Using several of these compact heads, it is possible to deter-
mine the rate of the transformation as it progre sses from zero to a 
hundred percent. 
Steel plate 
~~~ 
EXCITER 
SENSOR COILS COIL 
Figure 4. Schematic of eddy current coils used for the on-line 
detection of the phase transformation in steel (ref. 14). 
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Relation between observed and calculated yield strengths 
obtained using equation (1) and the eddy current sensor 
shown schematically in figure 4 (ref. 14). 
A regression analysis is then used to relate the rate for each 
incremental increase of 10%, 0R10 , 10R20 , ••• , 90R100 to the desired 
mechanical property 
M.P. {1) 
where M.P. is a mechanical property such as tensile or yield strength, f 
is the regression equation and nRm is the rate of transformation 
between n and m % taken in 10% intervals. Figure 5 shows results 
obtained from this approach using a 0.35% C, 1.53% Mn steel in simulated 
cooling and coiling experiments. The yield strength is well reproduced 
using equation (1), using results from the eddy current sensor. The 
standard deviation in predicted yield strength was approximately three 
times larger when only coiling temperature was used to correlate with 
yield strength, as is normally done in industry 14• 
COLD DEFORMATION/HEAT TREATMENT 
The final stages of metal processing will usually involve cold 
deformation and heat treatment to achieve final shape and mechanical 
properties. Because of the need to assess properties prior to shipping 
and the lesser difficulty of measurements near ambiant temperature 
considerably more effort has been expended to develop nondestructive 
methods of assessing mechanical properties at or near the end of 
processing 15• As listed in Table I, properties of interest include 
measurements of grain size, degree of recrystallization and mechanical 
properties such as tensile and yield strength fracture toughness, 
formability, etc. Several of these are reviewed below. 
Hardness (monitoring of annealing & heat-treatment) 
One of the most important applications of real time mechanical 
property determination is in the monitoring of annealing of strip or 
tinplate in a continuous annealer. In a continuous annealing furnace 
which operates at speeds of 150 to .. 600 m/min the degree of anneal is 
controlled by temperature and speed. Economy of time and energy as well 
as product quality dictate that annealing not be taken much further than 
is necessary to obtain full recrystallization. Usually a maximum 
Rockwell hardness is specified and the objective is to keep below but as 
close as possible to this. 
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Figure 6 . Schematic of on-line magnetic system to measure the hardness 
of sheet steel. 
Other applications are also important such as the production of 
heat-treated rails, tubes, spring steel and precipitation hardened 
aluminum plates. In the case of nonmagnetic materials such as aluminum, 
monitoring electrical resistivity can give useful information on heat-
treatment 16• For steel, magnetic techniques based either on measure-
ments of permeability or residual magnetism are the most developed. One 
configuration sensitive to magnetic permeability is shown schematically 
in figure 6. Results obtained for 108 coils of steel types T-4-CA and 
T-5-CA with this type of sensor 17 are shown in figure 7. Although the 
results lack in precision, they are found to be useful for routine 
control of continuous annealing operations. 
In general, among the various magnetic parameters, the coercive 
force provides the best correlation with hardness. An example is shown 
in figure 8 for a collection of approximately thirty pearlitic rail 
steels having a nomina l composition of 0.78%C, and less than .09% Cr. 
The correlation coefficient R2 is 0.87 and the standard deviation 1.84 
HRC. In comparison, using zero field magnetic permeability gives a 
correlation coefficient R2 of 0.57 and a standard deviation of 3.3. 
In the case of pearlite and possibly of other steel containing 
substantial amounts of ca rbon , hysteresis can be strongly temper ature 
dependent, even near room temperature. This is associated with the fac t 
that pearlite is a composite consisting of ferrite which is nearly pure 
Fe and cementite, Fe 3c. Both are ferromagnetic and Fe 3c has a Curie 
temperature of .. 210°C. As shown in figure 9, this causes a large 
decrease in He just as the material cools below 210°C. Because of 
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Figure 7. On-line results of magnetic_ hardness measurements on two 
grades of steel, obtained with the system shown schematically 
in f igure 6 (adapted from ref. 17). 
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Figure 8. Relation between hardness and coercive force in pearlitic 
rail steels. 
this the room temperature behavior of He is complex and depends on the 
exact chemical composition of the cementite, which can have significant 
effects on its magnetic properties without corresponding changes in the 
mechanical properties. A case in point is the effect of small additions 
of chromium which cause a decrease in Curie temperature of Fe 3c and 
result in a large increase of He at room temperature. 
Although coercive force measurements are desirable, they are not 
easily done on-line on moving material and generally the approach has 
been to measure the remanent magnetic induction after having previously 
magnetized the material of interest. This latter measurement has been 
shown to closely correlate with coercive force 18 and has the advantage 
of being essentially independent of the relative motion between probe 
and steel material. Instruments built on this principle have been 
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Figure 9 . Temperature dependence of coercive force, He for three 
pearlitic steels having different hardnesses. Note that the 
relation between hardness and He is monotonic above 200°C 
but not at room temperature. 
1384 
\. Fully recrystalized 
\ 
\~\. 
' .~A \ .... , .... 
._._ _____ .. _ .. __ .... ; 
------Smps~-----
Figure 10. Magnetic on-line measurement of the degree of recrystalliza-
tion in ferritic chromium stainless steel strip (ref. 19). 
installed in a number of steel plants in Japan, England, the U.S. and 
recently in Germany for ferritic chromium stainless steel strip 19- 21• 
The equipment is shown schematically with some results in figure 10. 
The remanent induction is related to the degree of recrystallization 
which is controlled by varying strip speed. The increase in remanence 
at high speeds is presumably due to an increase in dislocation density 
and at low speeds to an increase in the squareness of the loop from an 
increase of ' permeability. 
Grain size 
Grain size is an important microstructural parameter which affects 
strength, ductility, toughness, formability and final appearance of 
metallic products. Its effect on mechanical properties can often be 
expressed using the Hall-Petch equation 
(2) 
which relates mechanical property M to grain size d, where M0 is a 
constant dependent on composition, phase morphology, etc. and M1 is a 
constant. 
Several physical mechanisms can be used as a basis for grain size 
determination. Among these are magnetic hysteresis and Barkhausen noise 
(in steels), X-ray diffraction and ultrasonic scattering. For on-line 
measurements the most developed and/or promising techniques are based on 
x-rays and ultrasonics. 
A system based on X-rays has been installed on-line in Japan to 
measure the grain size of austenitic stainless steel in a continuous 
annealing line 17• The technique consists in measuring the statistical 
variati on of sca t te r ed intensity (or counti ng rate) around a spe cific 
Debye-Scherrer diffraction cone corresponding to a particular set of 
scattering planes. The system installed in production uses a series of 
twenty detectors. Although the technique is in principle applicable 
while the sheet of metal is moving at high speed 22 , the presently 
installed system is usually used while the sheet is temporarily held 
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stationary. As the apparatus is situated close to the exit end of the 
accumulator, this has no effect on the strip which is still in the 
continuous annealer. 
Another approach to on-line measurement of grain size which may 
perhaps have the advantage of being more easily implemented is based on 
the measurement of ultrasonic scattering from grain boundaries. 
Ultrasonic attenuation results from the combined effects of 
scattering, the reorientation and mode conversion of acoustic energy, 
and absorption, the conversion of energy into heat. Scattering results 
from interactions with material defects comparable to one wavelength in 
size, such as grain boundaries, inclusions or second phase particles, 
whereas absorption can be linked to inhomogeneities on a much finer 
scale such as dislocations and interstitials as well as magnetic domain 
wall motion. Assuming that scattering arises from grain boundaries and 
a simple power law for absorption, ultrasonic attenuation, a, can be 
expressed as 
a= (3) 
where d is some average measure of the grain size, f is the ultrasonic 
f requency, A and B are constants, and n $ 2. The first term in equation 
(3) arises from absorption due to the combined effect of all active 
mechanisms and the second is due to grain boundary scattering in the 
Rayleigh regime, i.e., A/2~d > 1, where A is ultrasonic wavelength. 
Until recently, only measurements of total attenuation were possible 
(except for well defined geometries) and grain scattering contributions 
were deduced from total attenuation by either assuming that absorption 
is negligib're or deducing its contribution indirectly, using simplifying 
assumptions such as equation (3)23 , 24. However, it was shown recently 
that absorption can be obtained directly using a technique bas.ed on the 
infrared detection of the heat produced by ultrasound25,26. This 
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Figure 11. Attenuation and absorption spectra in type A36 steel. 
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Absorption was measured using a new technique based on infra-
red detection of the heat produced by ultrasound (ref. 26). 
offers the possibility of more accurately determining scattering contri-
butions in cases where absorption is important. In addition, the 
measurement of this heretofore neglected contribution to attenuation may 
provide valuable information on microstructure. Using a combination of 
pulse-echo and infrared measurements in a plate of A36 steel, results 
such as shown in figure 11 were obtained. Total attenuation can be 
broken down into three clearly separated contributions: an f 4 term from 
grain scattering, an f term from magnetic domain absorption and an f 2 
contribution probably due to dislocation damping. Of particular 
interest is the fact that at 5 MH.z most of the attenuation is due to 
magnetic domains and only at 10 MH.z is half of the attenuation due to 
grain boundary scattering (grain size ~ 23 urn). For steels with smaller 
grains as presently developed, the magnetic contribution will be propor-
tionately even more important. The linear frequency dependence of 
magnetic absorption was recently confirmed using longitudinal waves in 
steels of varying carbon content. In addition, losses were shown to 
increase linearly with magnetic permeability27 
The grain size dependency of attenuation has been the subject of 
numerous experimental and theoretical studies (see for instance refs 15 
and 23, and references therein). The difficulties associated with the 
inverse problem of deducing ~rain size from attenuation has been 
recently described by Papadakis 8• These include, as mentioned above, 
the contribution of absorption to attenuation, grain size distribution, 
and grain substructure. Nevertheless, a number of encouraging results 
have been reported in the literature for copper 29 , austenitic stainless 
steels 30 and as described below for steels of varied structure. 
By assuming n =1 in equation (3) and using a backscattering techni-
que with two different frequencies, Goebbels and co-workers 30 have been 
able to measure grain size in the range ASTM 1-11 for steels of ferri-
tic, austenitic and mixed structures such as ferrite-pearlite and 
ferrite-bainite. Results are shown in figure 12, where shear waves were 
used and the same value for A and B in equation (3) assumed for all 
samples. The excellent agreement may be somewhat surprising in view of 
recent measurements obtained at Stanford University 31 which show that 
the original austenite grain size strongly affects scattering indicating 
that the previous austenite grains (grains prior to low temperature 
transformations) continue to be effective scattering centers after they 
have transformed to different microstructures during cooling or heat 
treatment. It was also shown that pearlite is more elastically aniso-
tropic than bainite which in turn is more anisotropic than martensite 
and that attenuation from ferritic-pearlitic two phase steels strongly 
Figure 12. Comparison between grain size obtained ultrasonically by 
backscattering and metallographically for steels of various 
microstructures (ref. 30). 
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depends on the percentage of each phase 32 , with a maximum scattering 
occuring for ~ 60% pearlite. It should be noted, however, that because 
of the cubic dependence of attenuation on grain size in the Rayleigh 
regime, an order of magnitude error in attenuation only leads to a 
factor of 2 or so error in grain size. At present, an ultrasonic tech-
nique to measure grain size has been installed on a steel cold strip 
line by Krupp in Germany 19 Similar techniques are being explored by 
Nippon Steel and Bethlehem Steel and by BNF Metals Technology in 
England 33• 
Yield strength and tensile strength 
Tensile strength and yield strength are frequently specified mecha-
nical properties which presently require lengthy and costly destructive 
measurements which can only be performed on a small fraction of produc-
tion. Recent studies at Bethlehem Steel 34- 36 indicate that ultrasonic 
measurements can give accurate values of tensile strength provided that 
chemical composition is known. Their studies were performed on plain 
carbon-manganese plate steels with carbon compositions between 0.06 and 
0. 38 wt% and grain sizes between 9.5 and 30.7 lJIIl giving variations in 
tensile strength between 376 and 579 MPa. Their approach was to extend 
the Hall-Petch relation (eq. 2) to include chemical composition and use 
ultrasonic attenuation as a proxy for grain size 
Y (MPa) 166 + 317C + 78Mn +130Si - 1.40a10 (4) 
where Y is yield strength, C, Mn and Si represent the wt% of these 
elements and a 10 is ultrasonic attenuation at 10 MHz in dB/em. This 
produced a standard error of 19.6 MPa as compared to 15.4 using metallo-
graphic grain size and 27.4 MPa using chemical composition only. These 
results are illustrated in figure 13. A number of specimens were found 
to have significantly higher attenuation for a given grain size (4 out 
of 58 specimen) but did not have unusual strength for their composi-
tion. No good explanation was found for these unusually high attenua-
tions, although the possibility of inclusions was considered. In view 
of our previous discussion on grain size and figure 11, it is possible 
that absorption played a dominant role for some of the specimens studied 
leading to significant errors in the estimate of grain size effects from 
attenuation. 
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Figure 13; Comparison between measured yield strengths and an extended 
Hall-Petch relation (eq. 4) using ultrasonic attenuation 
instead of grain size. The materials are plain carbon-
manganese steels (ref. 35). 
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Formability/anisotropy 
For deep-drawing applications such as the fabrication of beverage 
cans or automobile bodies from metal sheet, good drawability and minimal 
earing are of prime importance. Drawability is related primarily to 
plastic anisotropy which in turn is dependent on crystallographic 
texture. The plastic strain ratio, r, defined as 
(5) 
where ew and E:t are the natural strains measured in the width and 
thickness directions of a tension specimen, is the customary measure of 
anisotropy. For most commercially produced carbon-steel and aluminum 
sheets, r varies with test direction and is measured at 0,45° and 90° 
with respect to rolling direction from which an average value r is 
obtained. The variation of r in the plane of the sheet correlates with 
the tendency of sheet to form "ears" upon drawing and is characterized 
by the value 6r defined as: 
(6) 
Ideally, r-values should be high and 6r as close to zero as possible. 
Determining r and 6r values from tension specimens is tedious and 
costly. Recent measurements however, based on a study of 230 steel 
samples covering a wide range of commercial cold-rolled low carbon steel 
sheets indicate that general correlations exist between r and E" and 6r 
and llE.t where Young's modulus, E, was measured from a resonance tech-
nique 31 • 38 • It was concluded that Young's modulus provides a more 
sensitive measure of the small changes in crystallographic texture that 
result from changes in ~rocessing than do measurements of r. In a more 
recent study, Kitagawa 3 has also shown the existance of a good correla-
tion between the square of the through thickness longitudinal velocity, 
v 2 R. and the average plastic strain ratio, r. 
More recently, r values were calculated for aluminum and iron using 
plasticity theory and correlated with linear combinations of calculated 
bulk velocities and Young's modulus. Figure 14 shows a comparison 
between r calculated from plasticity (CMTP) and using a linear combina-
tion of seven elastic parameters which include Young's modulus in the 
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Figure 14. Comaprison between average r values calculated from plasti-
city theory R (CMTP) and using a linear regression using six 
ultrasonic velocities and Young's modulus (ref. 40). 
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plane of the sheet and all the independent bulk ultrasonic velocities. 
The analysis assumed single textures with orthorhombic symmetry and each 
point in figure 14 corresponds to a texture that could occur during 
processing. The correlation coefficient is 0. 98 as compared to 0. 76 
using only Young's modulus. This study thus not only confirms the theo-
retical foundations of existing correlations but shows the possibility 
of considerabl-e improvements at the expense, however, of additional 
ultrasonic measurements. 
CONCLUSION 
The availability of material property sensors is an important key 
to the development of intelligent adaptive metal processing systems. 
The development of such sensors requires an understanding of the complex 
interactions between material microstructure and the fields which can be 
used to probe them. In addition, new transducer technologies to sur-
mount industrial environments must be developed. A number of examples 
of laboratory research and in some cases developed industrial technology 
used to measure mechanical properties and microstructure as a tool for 
process and quality control in the processing of metals from the molten 
state to the finished product were presented. Although much progress 
has been achieved in recent years, considerable potential exists for 
future developments motivated largely by the resulting increases in 
productivity. 
REFERENCES 
1. H. Yada and K. Kawashima, "Important Metallurgical Parameters that 
must be Determined to Control the Properties of Steels During 
Processing", presented at the 2nd Int. Symposium on the 
Nondestructive Characterization of Materials, Montreal, July 
21-23, 1986, to be published (Plenum Press). 
2. K. K. Kappmeyer and W. Rall, "Process Control Needs for Future 
Steelmaking", ASM Metals Congress, Detroit, Mich. Sept. 1984 
(ASM Reprint No. 8404-005). 
3. P.R. Bridenbaugh, "Integrated Manufacturing Technology: An Aluminum 
Overview", ibid, (ASM reprint No. 8408-008). 
4. R. Mehrabian and H.N. Wadley, "Needs for Process Control in 
Advanced Materials Processing", Journal of Metals, Vol. 37, No. 
2, pp 51-58 (1985). 
5. Anonymous, "Analysing Molten Steel with a Laser", Photonics 
Spectra, Sept. 1983, p. 20. 
6. T.L. Mansfield, "Ultrasonic Technology for Measuring Molten 
Aluminum Quality", Materials Evaluation, Vol. 41 (1983) p. 743. 
7. N.D.G. Mountford, L.J. Heaslip, E. Bednarek and A.N. Sinclair, "The 
Development of an Ultrasonic Sensor for Metal Quality in Steel 
Casting Tundishes", Proc. of the 5th Int. Iron and Steel 
Congress, April 6-7, 1986, Washington, DC. 
8. A.A. Tzavaras and H.D. Brody, "Problems in the Physics of Conti-
nuous Casting of Steel", from Physics in the Steel Industry, AlP 
Conference Proceedings No. 84, edited by F.C. Schwerer, American 
Int. of Physics, N.Y. 1982, p. 71. 
9. J.P. Wallace, D.C. Kunerth and R.M. Siegfried, "An Eddy Current 
Study of Casting" in Eddy-current Characterization of Materials 
and Structures. ASTM STP722, G. Birnbaum and G. Free, ed ASTM, 
1981, PP• 173 186. 
10. K. Kawashima, H. Soga and K. Iwai, "Electromagnetic Ultrasonic 
Inspection and its Applications", Nippon Steel Technical Report 
No. 21, PP• 315-329 (June 1983). 
1390 
11. R.L. Parker, J.R. Manning and N.C. Peterson, "Application of 
Pulse-echo Ultrasonics to Locate the Solid/Liquid Interface 
During Salification and Melting of Steel and Other Metals", J. 
Appl. Phys. 58, pp. 4150-4164, (1985). 
12. J.-P. Monchalin"Optical Detection of Ultrasound at a Distance 
Using a Confocal Fabry-Perot Interferometer" Appl. Phys. Lett., 
Vol 47, P• 14, 1985. 
13. G. Labbe, A. LeBon and C. Maeder "Application of Eddy Currents to 
the Control of Cooling on a Hot Strip Mill", (in french), Proc. 
of the First European Conf. on NDT, April 24/28, 1978, Mainz, 
Germany, p. 181. 
14. M. Morita, K. Hashiguchi, D. Hashimoto, M. Nishida and S. Okanv, 
"On-line Transformation Detector for Property Control of Hot 
Rolled Steel", ibid ref. 7. 
15. J. F. Bussiere "On-line Measurement of the Microstructure and 
Mechanical Properties of Steel", Materials Evaluation, 44, No. 
5, 560 (1986). -
16. R.A. Chihoski, "Conductivity-Hardness Reveal Heat Treat History of 
Aluminum Alloys, Metals Progress", May 1983, pp. 27-32, July 
1983, PP• 27-34. 
17. K. Kurita, "Measuring Technology in Continuous Annealing" Trans 
ISIJ, Vol. 26, 3 (1986). 
18. G.S. Tomilov "Magnetic Testing of the Structure and Hardness of 
Steel Components, Based on Measurements of the Local Residual 
Magnetization Field", Soviet J. NDT, 1966, No. 4, p .316. 
19. A. Randak, "On-line Inspection of Semi-finished and Finished Steel 
Products for Surface Defects and Internal Quality" in On-line 
Inspection of Steel Products, International Iron and Steel 
Institute, Committee on Technology, Brussels 1983, pp 1-20. 
20. G. Syke and I. Murray, "Some magnetic Methods of Nondestructive 
Examination: Part 1; Measurement of Hardness in a Continuous 
Annealer, in Nondestructive Examination in the Steel Industry, 
lSI Publication No. 103, The Iron and Steel Institute 1967, p 
109. 
21. M.D. Waltz and H.P. Halsey, "A noncontact magnetic hardness 
gauge", Instrumentation in the Iron and Steel Industry, Vol. 20, 
pp 10-16 (1970). 
22. C. Rinik, J.E. Hilliard and J.B. Cohen, "SOL-X: An on-line 
nondestructive Method for Measuring Grain Size with X-rays", J. 
of Nondestructive Evaluation, Vol. 2, pp 133-138, (1981). 
23. K. Goebbels, "Structure analysis by Scattered Ultrasonic 
Radiation", ch. 4, p 87 in Research Techniques in Nondestructive 
Testing, Vol. II, R.S. Sharpe, ed., Academic Press (1980). 
24. W.N. Reynolds and R.L. Smith "Ultrasonic wave attenuation 
spectra in steels", J. Phys. D. Appl. Phys., Vol. 17, pp 109-116 
(1984). 
25. J.-P. Monchalin and J.F. Bussiere "Measurement of ultrasonic 
absorption by thermo-emissivity", Nondestructive Methods for 
Material Property Determination, edited by C.O. Ruud and R.E. 
Green, Plenum, N.Y.' 1984, pp. 289-298. 
26. J.-P. Monchalin and J. F. Bussiere, "Infrared detection of ultra-
sonic absorption and application to the determination of 
absorption in steel, Review of Progress in Quantitative 
Nondestructive Evaluation, Vol IVB, edited by D.O. Thompson and 
D.E. Chimenti, Plenum, N.Y. p. 965 (1985). 
27. P. Langlois and J.F. Bussiere "Magnetoelastic Contribution to 
Ultrasonic Attenuation in Structural Steels", presented at the 
2nd Int. Symposium on the Nondestructive Characterization of 
Materials, Montreal, July 21-23, 1986 (to be published by Plenum 
Press). 
1391 
28. E. P. Papadakis, "The inverse problem in materials characterization 
through ultrasonic attenuation and velocity measurements", 
Nondestructive Methods for Material Property Determination, 
edited by c.o. Ruud and R.E. Green, Plenum, N.Y., 1984, pp. 
151-160. 
29. N. Grayeli, F. Stanke and J .c. Shyne, "Prediction of grain size 
in copper using acoustic attenuation measurements", 1982 IEEE 
Ultrasonics Symposium, Vol 2, p 954. 
30. H. Willems and K. Goebbels, "Characterization of microstructure by 
backscattered ultrasonic waves", Metal Science, Vol. 15, pp 
549-553, Nov.-Dec. 1981. 
31. N. Grayeli and J.C. Shyne, "Effect of microstructure and prior 
austenite grain size on acoustic velocity and attenuation in 
steel", Review of Progress in Nondestructive Evaluation, Vol. 
IV, Plenum Press, N.Y. 1985. 
32. N. Grayeli and J.C. Shyne "Acoustic Attenuation in two-phase 
Materials", Review of Progress in Quantitative Nondestructive 
Evaluation (D.O. Thompson and D.E. Chimenti eds), Vol. 3B, pp 
1107 (Plenum Press, N.Y. 1984). 
33. Anonymous "On-line monitor to check grain size of alloy strip", 
Metals Progress, March 1985, p 18. 
34. R. Klinman, C.R. Webster, F.J. Marsh and E.T. Stephenson, "Ultra-
sonic Prediction of grain size, strength and toughness in plain 
carbon steel", Materials Evaluation, Vol 39, Oct. 1980, pp 
26-32. 
35. R. Klinman and E.T. Stephenson, "Ultrasonic prediction of grain 
size and mechanical properties of plain carbon steel", Materials 
Evaluation, Vol. 39, Nov. 1981, pp 1116-1120. 
36. B.E. Droney, "Use of ultrasonic techniques to assess the mechanical 
properties of steels", Nondestructive Methods for Macerials 
Property Determination, edited by C.O Ruud and R.E. Green, 
Plenum Press, New York, 1984, pp 237-248. 
37. P.R. Mould and T.E. Johnson, Jr., "Rapid assessment of drawability 
of cold-rolled low carbon steel sheets, Sheet Metal Industries, 
June 1973, p 328. 
38. C.A. Stickels and P.R. Mould, "The use of Young's Modulus for 
Predicting the Plastic-Strain Ratio of Low-carbon Steel Sheets", 
Metallurgical Transactions, Vol. 1, p 1303, 1970. 
39. H. Kitagawa, M. Katayama and H. Maruyama, "Three-dimensional 
Representation of Texture and Anisotropies of Mechanical 
Properties in Cold-rolled Mild Steel Sheet", Transactions of the 
Iron and Steel Institute of Japan, Vol. 22, (1982), 424. 
40. J. F. Bussi~re, C.K. Jen, I. Makarow, B. Bacroix, Ph. Lequeu and 
J.J. Jonas, "Correlations Between Elastic and Plastic Anisotropy 
in Rolled Metal Plates", presented at the 2nd International 
Symposium on the Nondestructive Characterization of Materials, 
Montreal, July 21-23, 1986 (to be published by Plenum Press). 
DISCUSSION 
Mr. Ron Smith, Harwell: Thanks to you for that good summary. I've a 
rather general question on the fact that most of the things you 
presented are using single-parameter mesurements to try and ac-
tually determine quantities that are dependent on a whole host 
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of parameters. Do you think that is the right approach or do you 
think we should place a more detailed approach on using multiple 
parameters? 
Mr. Bussiere: I mentioned at least one case where we suggested measuring 
textures simultaneously with magnetic properties to predict hardness. 
Obviously, I think it would be nice to measure more than one para-
meter and I think it can be very effective in some cases, but most 
of the work that's been done so far uses one parameter. I think 
that's a good area for more research. 
Dr. D. Jiles, Center for NDE: You are saying that the addition of the 
chromiuM is reducing the Curie temperature of the cementite? 
Mr. Bussiere: That's correct. 
Dr. D. Jiles: So what's going on? Chromium is going into the cementite? 
Mr. Bussiere: The chromium is going into the cementite, and that's well-
known by metallurgists. 
Dr. D. Jiles: So it's not just the cementite, it's basically the chromium 
plus cementite? 
Mr. Bussiere: Well, the chromium goes into the lattice and the cementite, 
I believe. I don't think it's impurities in the Fe 3-C. It goes 
right into the lattice. 
Dr. D. Jiles: So it's like a solid solution? 
Mr. Bussiere: Solid solution. 
Dr. B. R. Thompson, Ames Lab: A non-technical question. Problems with 
magnetic techniques is that they often work for awhile until the 
producer changes his material in some unknown way and then something 
goes wrong with the correlation. 
Mr. Bussiere: That's a major problem with magnetic techniques, in fact. 
Dr. R. B. Thompson: What experiences do you have, in, say, developing 
some technique for implementing them with a producer to avoid this? 
Mr. Bussiere: Well, in fact, few. We are working on rail steels, as 
I mentioned. And initially, they only gave us carbon steels, and 
things wor~ed reasonably well, and then they started sending us 
steels with chromium and that threw a wrench in the correlation. 
And now they are talking about sending us other samples with a 
little bit of vanadium and niobium. In many cases, it has little 
effect. In fact, for many of those correlations, we do not need 
to include composition. It doesn't help to produce better results, 
except when there's chromium, and that, now, we understand very 
well. 
But this is a very specific case where the metallurgy is well 
controlled, it's all 100 percent pear 
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